1. Introduction {#sec1-ijms-18-02596}
===============

Fetotoxic effects of maternal ethanol (E) intake are well documented in animals and humans. Central among the responses to E exposure are developmental deficits affecting multiple brain regions, including the cerebellum, hippocampus, olfactory bulbs, and cerebral cortex \[[@B1-ijms-18-02596],[@B2-ijms-18-02596],[@B3-ijms-18-02596],[@B4-ijms-18-02596]\]. In vivo, moderate, clinically relevant E can generate an enhanced apoptotic loss of neurons in the developing brain \[[@B4-ijms-18-02596],[@B5-ijms-18-02596],[@B6-ijms-18-02596],[@B7-ijms-18-02596],[@B8-ijms-18-02596],[@B9-ijms-18-02596],[@B10-ijms-18-02596],[@B11-ijms-18-02596]\]. E is prooxidant and fetal cells are highly sensitive to E/oxidative stress (OS) \[[@B5-ijms-18-02596],[@B12-ijms-18-02596],[@B13-ijms-18-02596],[@B14-ijms-18-02596]\]. Thus, redox imbalance is a mechanism underlying E-induced neuron apoptosis in developing brain \[[@B5-ijms-18-02596],[@B12-ijms-18-02596],[@B13-ijms-18-02596],[@B14-ijms-18-02596]\]. E produces an enhanced apoptotic death in a subpopulation of cells with the lowest glutathione (GSH) content and normalizing this redox imbalance by stabilizing neuron GSH content prevents the neuron death \[[@B5-ijms-18-02596]\]. Thus, a mechanism underlying E-induced fetal neuron apoptotic death is OS which has propelled research into what is now called "redox control of teratogenesis" \[[@B15-ijms-18-02596],[@B16-ijms-18-02596]\] or the "redox hypothesis" ([Figure 1](#ijms-18-02596-f001){ref-type="fig"}). This "redox hypothesis" is a disruption of cellular redox circuits which are maintained by thiol disulfide "couples" including reduced/oxidized glutathione (GSH/GSSG) and cysteine/cystine (Cys/CySS) \[[@B17-ijms-18-02596],[@B18-ijms-18-02596]\]. It occurs in the E-exposed developing brain \[[@B5-ijms-18-02596],[@B12-ijms-18-02596],[@B19-ijms-18-02596],[@B20-ijms-18-02596]\] with redox shifts that are subject to complex interactive neuroprotective responses impacted by E. GSH and thioredoxin (TRX) both regulate the thiolylation and dithiol/disulfide redox switches thereby controlling transition into apoptosis. In this regard, OS is a critical driver of teratogenesis and teratogenesis elicited by E occurs by induction of oxidative damage that disrupts stress pathways \[[@B21-ijms-18-02596],[@B22-ijms-18-02596],[@B23-ijms-18-02596],[@B24-ijms-18-02596]\].

A/the central regulator of GSH homeostasis, hence redox balance mitigation of neuron apoptotic death \[[@B5-ijms-18-02596]\], is the master transcription factor, nuclear factor E2-related factor 2 (Nrf2). Nrf2 regulated genes include glutamate-cysteine ligase (GCL) (rate limiting enzyme in GSH synthesis), glutathione reductase (generation of reduced/active GSH), and multiple components of the γ glutamyl cycle by which the GSH synthesis substrate, Cys is supplied to neurons in addition to dietary source(s) \[[@B20-ijms-18-02596],[@B25-ijms-18-02596]\]. Previous study in our laboratory addressed Nrf2/ARE (antioxidant response element)-mediated neuroprotection which should prevent neuron death by maintaining GSH homeostasis \[[@B7-ijms-18-02596]\]. E does up-regulate Nrf2 and the knockout of Nrf2 illustrated that this increase in Nrf2 confers a certain degree of neuroprotection \[[@B7-ijms-18-02596]\]. However, somehow E prevents Nrf2 from providing complete protection and a population of fetal neurons still succumbs unless we artificially increase Nrf2 beyond its innate capacity \[[@B7-ijms-18-02596]\].

A potential explanation for this incomplete protection resides in the kinetics of the GSH synthesis path. GSH, a tripeptide is synthesized in a two-step enzymatic reaction \[[@B26-ijms-18-02596],[@B27-ijms-18-02596]\] with GCL ultimately regulated by the availability of Cys \[[@B28-ijms-18-02596],[@B29-ijms-18-02596]\]. Cys availability is a critical control point for GSH synthesis \[[@B30-ijms-18-02596]\]. Current thinking is that about 90% of neuron Cys uptake from extracellular supplies is by sodium-dependent Glu transporters, mainly by the excitatory amino acid transporter, EAAT3/EAAC1 \[[@B26-ijms-18-02596],[@B31-ijms-18-02596],[@B32-ijms-18-02596],[@B33-ijms-18-02596]\]. Inward transport of Cys and Glu is a 1:1 ratio ([Figure 2](#ijms-18-02596-f002){ref-type="fig"}). EAAC1 affinity for Cys is about equal to that for Glu and EAAC1 KO mice show a 40% decrease in GSH \[[@B34-ijms-18-02596],[@B35-ijms-18-02596]\], along with sensitivity to brain damage not connected to Glu neurotoxicity that can be blocked by normalizing brain GSH \[[@B34-ijms-18-02596],[@B36-ijms-18-02596],[@B37-ijms-18-02596],[@B38-ijms-18-02596],[@B39-ijms-18-02596]\].

Since, during the early-E sensitive stages of brain development, neurons maintain GSH in the absence of mature astrocytes (AST) or oligodendroglia and given the causal association of OS with GSH loss in alcohol-induced neurodevelopmental toxicity, it is critical to determine the origin(s) of E-related GSH loss. Thus, in the current study, we tested if (a) E-induced GSH loss occurs due to less availability of its obligate precursor, cysteine; and (b) if so, does the insufficient cellular supply of cysteine result from an aberrant EAAC1-dependent cysteine uptake into the fetal neurons?

2. Results {#sec2-ijms-18-02596}
==========

2.1. Ethanol Decreases Cysteine (Cys) and Glutathione (GSH) in Primary Cerebral Cortical Neurons (PCNs) and Fetal Brains {#sec2dot1-ijms-18-02596}
------------------------------------------------------------------------------------------------------------------------

Fetal rat cerebral cortical neurons were treated with E (4 mg/mL) for 24 h and pregnant dams were treated with the "Binge" model as detailed above. Both of these regimens elevate Nrf2 expression as well as induce enhanced apoptotic death of neurons \[[@B5-ijms-18-02596],[@B7-ijms-18-02596]\]. To gain a better understanding of the E-induced GSH loss, we first assessed the levels of cysteine, which is one of the key substrates involved in the de novo synthesis of GSH. Illustrated in [Figure 3](#ijms-18-02596-f003){ref-type="fig"}, both in vivo maternal exposures and the in vitro PCNs treatment with E reduced Cys with a concomitant decrease in the GSH content. Cys was decreased in PCNs and fetal cerebral cortices by 16% and 48% (*p* \< 0.05), respectively ([Figure 3](#ijms-18-02596-f003){ref-type="fig"}A--C). These responses correlated with 36% and 55% (*p* \< 0.05) reductions in GSH in PCN and cerebral cortices ([Figure 3](#ijms-18-02596-f003){ref-type="fig"}D,E).

2.2. Ethanol Decreases Excitatory Amino Acid Carrier1 (EAAC1) Protein and Its Membrane Expression {#sec2dot2-ijms-18-02596}
-------------------------------------------------------------------------------------------------

As in vitro and in utero E decreased the cysteine levels, we next determined whether this was associated with altered expression of EAAC1, a chief player in cysteine transport and uptake into the cells \[[@B26-ijms-18-02596],[@B32-ijms-18-02596],[@B33-ijms-18-02596]\]. The immunoblot in [Figure 4](#ijms-18-02596-f004){ref-type="fig"}A shows that E progressively decreased EAAC1 protein in fetal PCNs by 36% and 50% (*p* \< 0.05) within 12 and 24 h, respectively. Also, the 2 days in utero E binge decreased the protein expression of EAAC1 in fetal brain cerebral cortices by 25% (*p* \< 0.05) ([Figure 4](#ijms-18-02596-f004){ref-type="fig"}B). Since E decreased EAAC1 protein levels, we investigated whether this is reflected in the expression of EAAC1 transporter at the neuronal cell surface by an in vitro biotinylation assay. Determinations of E effects on EAAC1 in the plasma membrane are key studies as their external expression is directly linked to its transporter function \[[@B40-ijms-18-02596],[@B41-ijms-18-02596],[@B42-ijms-18-02596]\]. Biotinylated EAAC1 detected by immunoblot represents the plasma membrane steady-state levels excluding endocytosed EAAC1 \[[@B43-ijms-18-02596]\] and the EAAC1 immunoreactivity was strikingly decreased (60% to 70%) in the biotinylated fraction of E-treated neurons ([Figure 4](#ijms-18-02596-f004){ref-type="fig"}C). Equal levels of actin signal in the input denoted that similar numbers of C and E neurons were used in the assay. These data suggest that E can impair EAAC1 protein expression and its surface presentation likely reflecting reduced Cys transport by this system.

2.3. Ethanol-Induced Reduction of EAAC1 Protein Is Associated with a Decrease in Its Transcript Levels {#sec2dot3-ijms-18-02596}
------------------------------------------------------------------------------------------------------

To assess whether the E-induced *Slc1a1* dysregulation occurs at the transcriptional level, we performed real-time qPCR analysis for *Slc1a1* mRNA expression in E treated PCN and in fetal cerebral cortices exposed to E in utero. [Figure 5](#ijms-18-02596-f005){ref-type="fig"}A illustrates that E exposure (4 mg/mL) reduced the *Slc1a1* transcript expression levels by 27% (*p* \< 0.05) as early as 6 h in PCNs. This was further reduced to 49% (*p* \< 0.05) at the end of a 24 h exposure ([Figure 5](#ijms-18-02596-f005){ref-type="fig"}A). Similarly, a significant decrease by about 36% (*p* \< 0.05) in the *Slc1a1* mRNA expression was observed in the fetal brain neocortices obtained from in utero binge exposed pregnant rats ([Figure 5](#ijms-18-02596-f005){ref-type="fig"}B). These results support the concept that ethanol-induced downregulation of EAAC1 could reflect impairment at either the transcriptional or post-transcriptional level.

2.4. Ethanol Does Not Restrict the Expression of γ-Glutamyl Transpeptidase (γGT) and Aminopeptidase N (APN), the Extracellular GSH-Cleaving Cysteine Homeostasis Factors {#sec2dot4-ijms-18-02596}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Next, we determined if the Cys unavailability is due to loss and/or dysregulation of GSH-cleaving enzymes, *γGt*, and *ApN* that supply Cys to be transported into the cells. One-step RT-PCR analysis for the expression of *γGt* and *ApN* mRNA expression normalized to *Gapdh* showed that in utero E did not decrease, but rather increased the expression of these genes significantly (*p* \< 0.05) in the fetal cerebral cortices ([Figure 5](#ijms-18-02596-f005){ref-type="fig"}C,E). In consistent with the mRNA changes, E significantly increased the protein expression of γGT and APN in fetal brain cortices ([Figure 5](#ijms-18-02596-f005){ref-type="fig"}D,F). This suggests that the important regulatory enzymes involved in GSH breakdown to cysteine have been enhanced as would be expected to provide adequate extracellular Cys supply under stress.

2.5. Inhibition of EAAC1 Expression (as by E) Reduces Neuron GSH Synthesis {#sec2dot5-ijms-18-02596}
--------------------------------------------------------------------------

Since E-reduced the expression of EAAC1 and associated GSH, we probed the role of EAAC1 in regulation of GSH. To this end, we silenced EAAC1 level in PCNs. [Figure 6](#ijms-18-02596-f006){ref-type="fig"}A illustrates a 70% knockdown of EAAC1 in PCNs. This knockdown reduced GSH by 22% ([Figure 6](#ijms-18-02596-f006){ref-type="fig"}B) showing that EAAC1 transporter plays an important role in neuron GSH homeostasis. In addition, the decline in GSH with no effect on GSSG illustrates that the effect was on GSH synthesis. These experiments further support a role for an E-related inhibition of EAAC1 in the observed reduction of neuronal Cys and GSH.

2.6. Increasing Fetal Brain Cys Prevents the Ethanol-Mediated GSH Reduction {#sec2dot6-ijms-18-02596}
---------------------------------------------------------------------------

Previous studies with PCNs illustrated that pretreatment with *N*-acetylcysteine (NAC), membrane-permeable cysteine donor, mitigated the E-mediated neuronal death \[[@B9-ijms-18-02596]\]. [Figure 7](#ijms-18-02596-f007){ref-type="fig"} extends this to the in vivo exposure setting. Treatment of pregnant dams with NAC (100 mg/kg) for 1 h before the administration of each dose of E in the 2-day binge model significantly attenuated the E-induced Cys diminution ([Figure 7](#ijms-18-02596-f007){ref-type="fig"}A) and GSH loss ([Figure 7](#ijms-18-02596-f007){ref-type="fig"}B) in fetal brain cortices. Further, immunoblot analysis demonstrated that NAC treatment prevented the maternal E-induced EAAC1 loss in fetal brain cortices ([Figure 7](#ijms-18-02596-f007){ref-type="fig"}C). These results along with those in [Figure 1](#ijms-18-02596-f001){ref-type="fig"} support the concept that diminution of Cys per se was responsible for E-induced GSH loss and that this could be prevented by maternal administration of NAC, a widely used cysteine prodrug, and a thiol-containing antioxidant.

3. Discussion {#sec3-ijms-18-02596}
=============

The results presented here are logical extensions of previous studies focusing on Nrf2 as a control point for the maintenance of GSH homeostasis in response to E-induced redox shifts in cultured neurons and in the developing brain. The Nrf2-related studies illustrated that the transcription factor does play a vital role in neuroprotection against E damage \[[@B7-ijms-18-02596]\]. Yet, the neuroprotective setting remained incomplete in that GSH homeostasis was not preserved in a subpopulation of neurons in the E-exposed fetal brain \[[@B7-ijms-18-02596]\], even in the presence of E-dependent up-regulation of Nrf2 expression. To mitigate this gap in our understanding, these new studies address a role of Cys homeostasis and their control points which could be applicable to the wide variety of neurodegenerative disorders that have been connected to OS dysregulation of the GSH redox buffer and neuron death e.g., environmental toxins, Parkinson's disease, and Alzheimer's disease as well as fetal alcohol spectrum disorder (FASD).

The neuronal EAAC1 transporter is the primary supplier of Cys and thus it is a neuroprotective system separate from glutamate neurotoxicity: The importance of the EAAC1 transporter resides in the availability of Cys being requisite for neuron GSH synthesis \[[@B27-ijms-18-02596],[@B28-ijms-18-02596],[@B29-ijms-18-02596]\] and the vast majority (90%) of neuron Cys uptake from extracellular supplies being by this excitatory amino acid transporter \[[@B26-ijms-18-02596],[@B31-ijms-18-02596],[@B32-ijms-18-02596],[@B33-ijms-18-02596]\]. [Figure 6](#ijms-18-02596-f006){ref-type="fig"}A illustrates that a 70% knockdown of EAAC1 in PCNs produces a subsequent reduction of GSH but not GSSG ([Figure 6](#ijms-18-02596-f006){ref-type="fig"}B). The latter response causally connects a flaw in GSH synthesis to reduced EAAC1 expression and Cys transport/accrual observed on E exposure both in PCNs and fetal brain cortices.

Brain damage associated with impaired EAAC1 activity has been shown not to be connected to Glu neurotoxicity and importantly, as we have found with fetal PCNs, cell viability can be maintained by normalizing cellular GSH \[[@B5-ijms-18-02596],[@B7-ijms-18-02596],[@B15-ijms-18-02596]\]. This was accomplished by treatment with *N*-acetylcysteine (NAC) which is a membrane-permeable Cys precursor that can easily penetrate the blood brain barrier and does not require active transport ([Figure 7](#ijms-18-02596-f007){ref-type="fig"}A,B) \[[@B44-ijms-18-02596],[@B45-ijms-18-02596],[@B46-ijms-18-02596]\]. Notably, in congruent with our finding, NAC has been shown to provide cysteine to cells even in the absence of cysteine transport \[[@B47-ijms-18-02596],[@B48-ijms-18-02596]\]. Interestingly, the present finding also suggests a possibility that oxidative stress can regulate EAAC1 since NAC prevented the E-induced EAAC1 loss ([Figure 7](#ijms-18-02596-f007){ref-type="fig"}C). In support of this finding, under stressful conditions, such as oxidative and chemical stress, regulation and/or alteration of EAAC1 are evident at the level of expression, activity, and its membrane trafficking \[[@B49-ijms-18-02596],[@B50-ijms-18-02596],[@B51-ijms-18-02596],[@B52-ijms-18-02596]\]. Clinically, NAC is the widely used Cys prodrug due to its safety, tolerability, and its ability to undergo rapid hydrolysis to deliver Cys immediately following cellular entry \[[@B46-ijms-18-02596],[@B53-ijms-18-02596],[@B54-ijms-18-02596]\].

In early-E sensitive stages of brain development, neurons maintain GSH in the absence of mature astrocytes or oligodendroglia that is generally GSH rich. Compared to other transporter subtypes such as GLAST and GLT1, EAAC1 expression precedes during early stages of brain development and is especially enriched in the cortex \[[@B55-ijms-18-02596],[@B56-ijms-18-02596]\]. It is also expressed in mature oligodendroglia and mature astrocyte but these cells are mostly not present in the early second trimester equivalent brain \[[@B57-ijms-18-02596],[@B58-ijms-18-02596],[@B59-ijms-18-02596]\]. Cys-related control of GSH in fetal neurons is an unexplored area. However, the possibility of such a setting in the adult brain has been suggested \[[@B60-ijms-18-02596]\]. The present findings combined with low Cys transport activity displayed by other EAATs clearly show an E-related decrease in EAAC1 could play a key role in the diminution of Cys content ([Figure 3](#ijms-18-02596-f003){ref-type="fig"}, [Figure 4](#ijms-18-02596-f004){ref-type="fig"} and [Figure 5](#ijms-18-02596-f005){ref-type="fig"}) \[[@B61-ijms-18-02596]\]. Importantly, it appears that while glia can utilize both Cys and cystine for GSH synthesis, neuron utilizes only Cys \[[@B62-ijms-18-02596],[@B63-ijms-18-02596]\]. In PCN cultures with no astrocytes, Cys uptake is mostly by EAAC1 \[[@B32-ijms-18-02596],[@B64-ijms-18-02596]\], ASCT1 only playing a minor role \[[@B60-ijms-18-02596],[@B65-ijms-18-02596]\]. With astrocytes present, a primary source of Cys is the γ-glutamyl cycle driven by export of GSH and its conversion to the CysGly dipeptide by astrocyte γ-glutamyl transpeptidase. We have shown that this astrocyte-mediated pathway maintains cortical neuron GSH, protecting neurons from E-mediated apoptotic death \[[@B20-ijms-18-02596],[@B66-ijms-18-02596]\], however, this is possible only after the emergence of astrocytes which occurs at or around a late second to early third trimester period of gestation. Thus, the setting in which fetal neurons are not provided with astrocyte-mediated Cys, the former may be sensitive to E at early developmental stages concomitant with a heightened dependence on functional EAAC1-mediated Cys transport.

We have also determined that components of the γ-glutamyl cycle are on fetal cerebral cortical neurons as well as astrocytes albeit at low levels (data not shown). In the absence of astrocytes, this could be one source of Cys for EAAC1-mediated transfer \[[@B64-ijms-18-02596]\] as a recycling system. Placenta could be another. Given this fact, we also noted E-induced Cys downregulation is not associated with impairment in the expression of other Cysteine availability determining factors, γGT and APN showing that the access to additional extracellular cysteine may not be the limiting factor to the GSH loss. Based on our *Slc1a1* mRNA expression data, it appears that this alteration in Cys could occur due to the post-transcriptional targeting of *Slc1a1/EAAC1* by miR 96-5p and miR 26a-5p besides transcriptional regulation that has been shown to dysregulate redox homeostasis and promote neurotoxicity \[[@B49-ijms-18-02596],[@B50-ijms-18-02596],[@B67-ijms-18-02596],[@B68-ijms-18-02596]\]. While such *Slc1a1* regulating mechanism remains to be elucidated, our results suggest a deficiency of EAAC1 transport-dependent route of neuronal Cys uptake may be one of the pivotal reasons for the E-induced GSH loss-associated toxicity.

The present findings also point out that in utero E-induced reduction in EAAC1 could be quantitatively important during alcohol-induced redox perturbations developmentally. The genetic loss- and gain-of-function studies are underway to delineate the role of EAAC1 in alcohol developmental neurotoxicity.

4. Materials and Methods {#sec4-ijms-18-02596}
========================

4.1. Materials {#sec4dot1-ijms-18-02596}
--------------

Fetal bovine serum (FBS) and horse serum (HS) was purchased from Atlanta Biologicals (Lawrenceville, GA, USA). Minimum Essential Media (MEM), penicillin-streptomycin and trypsin-EDTA were obtained from Gibco (Grand Island, NY, USA). Smart Pool siRNA against *Slc1a1* (EAAC1) and non-targeting siRNA pool were purchased from Dharmacon Inc., (Lafayette, CO, USA). Protein assay reagent and polyvinylidene difluoride (PVDF) membrane were from Biorad Laboratories (Hercules, CA, USA). 4--12% Bis-Tris Gel and TriZol were purchased from Invitrogen (Carlsbad, CA, USA). Antibodies for EAAC1 (Cell Signaling Technology, Beverly, MA, USA); γ-GT, APN, and GAPDH (Santa Cruz Biotechnologies, Santa Cruz, CA, USA); ACTIN were from Sigma-Aldrich (St. Louis, MO, USA). Goat anti-rabbit IgG-HRP were obtained from Cell Signaling Technology (Beverly, MA, USA). HyBlot CL autoradiography film was got from Denville Scientific (Metuchen, NJ, USA). QuantiTect reverse transcription kit was obtained from Qiagen (Valencia, CA, USA). TaqMan gene expression assays consisting of the primers and probes specific for rat *Slcla1* (Rn_00564705) and rat Gapdh (Rn_01775763) were from Applied Biosystems (Foster City, CA, USA). GSH/GSSG kit was bought from eEnzyme (Gaithersburg, MD, USA). Sulfo-NHS-SS-biotin solution and NeutrAvidin agarose beads were obtained from Thermo Fisher Scientific/Pierce (Rockford, IL, USA). Amersham ECL-Advanced Western blotting detection kit and SuperSignal West Pico chemiluminescence kit was bought from GE Healthcare Bio-Sciences (Pittsburgh, PA, USA) and Thermofisher (Rockford, IL, USA) respectively. All other reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA).

4.2. Primary Cortical Neuron (PCN) Cultures and Ethanol Treatment {#sec4dot2-ijms-18-02596}
-----------------------------------------------------------------

PCNs were prepared from embryonic (E) day E16-E17 Sprague Dawley rats as described earlier \[[@B7-ijms-18-02596],[@B69-ijms-18-02596]\]. Briefly, time-pregnant Sprague Dawley (SD) rats were euthanized by Isoflurane and cervically dislocated. Embryos were dissected; brains isolated and fetal cortices were mechanically dissociated in HBSS. Cells were then suspended in MEM containing 10% FBS and 10% HS, plated on previously coated poly-[d]{.smallcaps}-lysine plates and were maintained in a humidified atmosphere of 95% air and 5% CO~2~. After 24 h, the cultures were enriched for neurons by treating with 10% HS supplemented MEM media containing 5-fluoro-2′-deoxy uridine (4 mg/mL) and uridine (10 mg/mL) that inhibits the growth of astrocytes. Following 48 h, fresh media was added and PCNs were treated on 4th and 5th days of culture for transfection experiments and E exposure, respectively. This is a well-established primary neuronal culture system from our laboratory that is largely free of glia and reproducibly yielding \~95% enriched neurons \[[@B7-ijms-18-02596],[@B66-ijms-18-02596],[@B69-ijms-18-02596]\].

Primary cultures of cortical neurons were treated with E on day 5 in vitro (DIV) at a concentration of 4 mg/mL media, a clinically relevant dose corresponding to 86 mM that is found in heavy drinkers \[[@B70-ijms-18-02596],[@B71-ijms-18-02596]\]. Further, the E concentration used herein approximated those that were widely used to elicit a range of neurotoxic responses in various mouse and rat models \[[@B7-ijms-18-02596],[@B66-ijms-18-02596],[@B72-ijms-18-02596]\]. E-treated plates were incubated for 24 h in an alcohol-pre-saturated incubator by placing a beaker filled with E for 24 h to prevent evaporation and maintain E concentrations in the culture media \[[@B69-ijms-18-02596],[@B73-ijms-18-02596]\], while the control cells were maintained in the normal incubator.

4.3. In Vivo Model {#sec4dot3-ijms-18-02596}
------------------

A very well established 2-day acute ethanol exposure animal model that mimics an alcohol binge in humans was used \[[@B7-ijms-18-02596],[@B69-ijms-18-02596],[@B74-ijms-18-02596]\]. Briefly, Sprague Dawley rats were divided into two experimental groups and subjected to the following regimens: (1) Experimental group---This group received a total of 5 doses of 3.5 g/kg body wt, 25% *v*/*v* of ethanol (gastric intubation) starting gestational day 17 with each dose separated by 12 h interval and the last dose was given on day 19, 2 h before sacrifice to maintain blood alcohol levels (2) Control group---Pair-fed and weight matched animals receiving similar treatment regimen as the experimental group except for the intragastric intubation of iso-caloric dextrose in place of ethanol. For the NAC experiments, a single dose of NAC (100 mg /kg body wt) at embryonic day 17 was administered 1 h prior to the 1st dose of E. The NAC dose used in the current study was based on previous prenatal animal and human studies that showed NAC's ability to normalize redox state and inflammation without any signs of toxicity \[[@B75-ijms-18-02596],[@B76-ijms-18-02596],[@B77-ijms-18-02596]\]. All animals were maintained in accordance with Institutional Animal Care and Use Committee-approved procedures. Both isocaloric dextrose administered control and ethanol-fed dams had full access to water ad libitum, while, the pair-fed controls received the weight of standard laboratory chow consumed by the matching ethanol dam during the previous 24 h period. The gestational age of the pair-fed control and ethanol rats were staggered by a day, in order to ensure that animals from the pair-fed control received chow at the same stage of gestation as did the corresponding ethanol-treated dams. At the end of treatment, dams were decapitated and blood was collected for alcohol analysis using Analox AM1 analyzer. Fetuses were removed by cesarean section from the uterine horns and brain cortices and rest of the brain were carefully isolated and stored at −80 °C until use.

4.4. HPLC Based Determination of Cysteine and Total GSH {#sec4dot4-ijms-18-02596}
-------------------------------------------------------

Assays of cysteine and glutathione utilized the HPLC method as described earlier with slight modifications \[[@B78-ijms-18-02596]\]. Briefly, the sample was prepared as follows: A 50 µM of an internal standard solution of 2-mercaptopropionylgycine (MPG) in PBS was added to 250 µg of protein in a total volume of 100 µL and was vortex-mixed briefly. To this, 10 µL of 100 g/L Tris-(2-carboxyethyl)-phosphine hydrochloride (TCEP) was added, capped, vortex-mixed and incubated at room temperature for 30 min. Following this, 90 µL of TCA (100 g/L in 1 mM EDTA) was added, mixed and centrifuged at 13,000 rpm for 10 min. The TCA-precipitated supernatants were derivatized in a 0.125 M borate buffer (pH 9.5) with 4 mM EDTA containing 1.55 M NaOH and 1 g/L ammonium-7-flurobenzo-2-oxa-1,3-diazole-4-sulfonic acid (SBD-F) in borate buffer for 1 h at 60 °C. The derivatized samples were then cooled on ice for 15 min in dark until injection onto the column. The analytes, cysteine and GSH were separated on a Waters C18 guard column (3.9 mm × 20 mm; 5 µm particles, Waters Corporation, Milford, MA, USA) connected to a Waters Symmetry C18 analytical column (4.6 × 250 mm; 3.5 µm particles) at 29 °C with the mobile phase, 100 mM potassium dihydrogen phosphate (pH 2.1) and acetonitrile (92:8 *v*/*v*). The peaks of the analytes were detected at excitation and emission wavelengths of 385 nm and 515 nm, respectively with a flow rate of 1 mL/min. Retention time for cysteine and GSH was 3.6 and \~4.0--4.5 respectively. The amount of cysteine and GSH was calculated from a standard cysteine and GSH curve.

4.5. RNA Extraction and Real-Time qRT-PCR Analysis {#sec4dot5-ijms-18-02596}
--------------------------------------------------

Total RNA was isolated from PCNs or cerebral cortex using the TRIzol reagent according to the manufacturer's recommendations (Invitrogen, Carlsbad, CA, USA). Following genomic DNA elimination, 1.5 µg of total RNA was reverse-transcribed using the QuantiTect reverse transcription kit. 1/10th of the cDNA in a final volume of 20 µL containing 10 µL of TaqMan Universal Master Mix (Applied Biosystems, Bedford, MA, USA), 20 pmol of the respective primer/probe mix was used in a real-time RT-PCR reaction to determine the mRNA expression for *Slc1a1* (*Eaac1*), and *Gapdh* using an initial denaturation step of 95 °C for 30 s followed by 40 PCR cycles at 95 °C for 5 s and 60 °C for 30 s. The expression of *Slc1a1* was determined relative to *Gapdh* as an internal control and the relative fold change in the mRNA expression was calculated using the 2^−ΔΔ*C*t^, where Δ*C*t = *C*t*~Slc1a1~* − *C*t*~Gapdh~* and ΔΔ*C*t = Δ*C*t~treated\ condition~ − Δ*C*t~untreated\ condition~.

4.6. Reverse Transcription-PCR Analysis {#sec4dot6-ijms-18-02596}
---------------------------------------

1/10th of cDNA prepared as earlier was used in a PCR reaction using primers specific for rat *γGt*-NM_053840.2 (For: 5′-CTCTGCATCTGGCTACCCAC-3′; Rev: 5′-GGATGCTGGGTTGGAA-3′); rat *ApN* GenBank: M26710.1 (For: 5′-GCCCATTCCGTATCTCAAAA-3′; Rev: 5′-AAGTAGGCGAAGAGGGGTGT-3′) \[[@B79-ijms-18-02596]\] and rat *Gapdh* (For: 5′-AGACAGCCGCATCTTCTTGT-3′; Rev: 5′-TACTCAGCACCAGCATCACC-3′). After an initial denaturation at 95 °C for 3 min, PCR specific for *γGt* and *ApN* was performed in a 25 µL-reaction volume for 35 cycles under the following conditions: 95 °C for 30 s, 53 °C for 30 s, 72 °C for 60 s, and finally an extension at 72 °C for 5 min. *Gapdh* cycling parameters were the same except for the annealing temperature which is 55 °C for 30 s. Aliquots of the PCR product was run on 1% agarose gel and the products for *γGt*, *ApN*, and *Gapdh* were visualized at 419 bp, 438 bp, and 323 bp respectively by ethidium bromide staining using UVP gel documentation system. The images were photographed and quantified using NIH Image J software (v1.42q, Bethesda, MD, USA).

4.7. Gel Electrophoresis and Immunoblotting {#sec4dot7-ijms-18-02596}
-------------------------------------------

PCNs or cerebral cortices were lysed in radio-immunoprecipitation assay (RIPA) buffer containing protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) at 4 °C, sonicated (Sonics, vibra-cell ultrasonic processor) for 5 s, centrifuged at 15,000× *g* for 15 min at 4 °C. The clarified supernatants were estimated for protein concentration and equal amounts of cellular protein were loaded on a 4--12% Bis-Tris gel. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)-separated proteins were electro-transferred onto a PVDF membrane and blocked with 5% nonfat dry milk powder in PBST for 1 h. The membranes were then incubated with primary antibodies against EAAC1, γ-GT, APN or GAPDH or ACTIN for 3 h or overnight at 4 °C as previously described \[[@B69-ijms-18-02596],[@B80-ijms-18-02596]\] and subsequently washed with PBST for 3 times. Later the membranes were incubated with anti-rabbit IgG secondary antibody conjugated with horseradish peroxidase (1:5000 or 1:10,000) for 1 h at room temperature, washed with PBST for 5 min × 5 times each, and subjected to ECL-chemiluminescence to detect the bands of proteins. EAAC1 bands detected using Amersham ECL-Advanced Western blotting detection kit, and the GAPDH or ACTIN signals detected using SuperSignal West Pico chemiluminescence kit were captured onto an autoradiography film and scanned using Adobe Photoshop CS2 (v9.0, Mountain View, CA, USA). The intensity of EAAC1 bands was quantified using NIH Image J and normalized to GAPDH or ACTIN band intensity.

4.8. In Vitro Biotinylation Assay for Cell Surface Determination of EAAC1 {#sec4dot8-ijms-18-02596}
-------------------------------------------------------------------------

In vitro biotinylation assay to determine the cell surface changes of EAAC1 was performed as previously described with slight modification \[[@B81-ijms-18-02596]\]. In brief, PCNs at DIV5 with or without E were washed in cold PBS/CaCl~2~/MgCl~2~, pH 8.0 and were incubated in fresh cold PBS containing 0.5 mg/mL sulfo-NHS-SS-biotin for 30 min. After extensive washes in cold PBS, the nonreacted sulfo-NHS-SS-biotin was quenched by incubating the cells in 50 mM glycine in PBS for 15 min with every 5 min replacing with fresh quenching solution. Cells were then lysed in IP buffer (PBS, 5 mM EDTA and EGTA, 10 mM sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM NaVO~3~, 1% Triton and protease inhibitors). Protein was measured in the clarified supernatants and 500 µg of protein from each sample was incubated with pre-equilibrated NeutrAvidin agarose at 4 °C with overnight rotation. After incubation, samples were centrifuged at 4 °C, 5000 rpm for 1 min, supernatant removed and the NeutrAvidin beads bound with cell surface proteins (biotinylated) were washed three times in IP buffer. The beads were boiled in sample buffer for SDS-PAGE and Western blot analysis was performed for EAAC1. ACTIN expression was performed in the supernatant containing the intracellular proteins (unbiotinylated) and the biotinylated EAAC1 values were normalized to intracellular ACTIN.

4.9. Small Interfering RNA (siRNA) Transfection {#sec4dot9-ijms-18-02596}
-----------------------------------------------

100 nM of siGenome smartpool mix of four *Slc1a1* (*EAAC1*) specific siRNAs or non-targeting siRNA pool were transfected into 4DIV neurons using siPort Amine (Ambion). EAAC1 silencing was observed by Western analysis after 48 h.

4.10. Fluorimetry Based Assay for Reduced and Oxidized Glutathione (GSH/GSSG) {#sec4dot10-ijms-18-02596}
-----------------------------------------------------------------------------

GSH/GSSG determinations in siRNA-transfected PCNs or fetal brain cortices were performed according to the manufacturer's instructions (eEnzyme, Gaithersburg, MD, USA). Briefly, the lysates were prepared from either fetal brain cortices or *Slc1a1/EAAC1*-silenced neurons post 48 h of transfection using cell lysis buffer, centrifuged at 2500 rpm for 15 min and the supernatant collected. For measuring GSH and Total GSH (TGSH), a separate aliquot of the test lysate is mixed with GSH Assay Mixture (GAM) containing a non-fluorescent, Thiolite GreenWS dye and Total GSH Assay Mixture (TGAM) containing a mixture of GSSG probe and GAM solution into a black 96-well microplate. The samples were incubated at room temperature for 30 min by protecting from light followed by which the fluorescence was monitored at Ex/Em = 490/520 nm using a fluorescence plate reader. Assay buffer only served as blank. Using serially diluted GSH and GSSG standards that were run in parallel, the test values were calculated and plotted. The GSSG concentration was estimated using the following formula: \[GSSG\] = (\[Total GSH\] − \[GSH\])/2.

4.11. Statistical Analysis {#sec4dot11-ijms-18-02596}
--------------------------

Data are presented as mean ± S.E.M. Statistical differences were determined using one-way ANOVA followed by Student-Newman-Keuls post-hoc analysis when experiments involved more than two groups. Student's *t*-test was used for experiments involving only two groups. The analysis was carried out using GraphPad software. *p* \< 0.05 was considered as statistically significant.
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![Under normal physiological conditions, redox homeostasis is maintained by a balance between the reactive oxygen species (ROS) and antioxidant components, mainly GSH/GSSG couple that acts as reducing equivalents leading to normal cellular signaling (**A**); when cells encounter mild stress, an imbalance in the redox shift marked by diminished GSH/GSSG ensues. Whilst, an appropriate management and/or interventions can normalize this shift and can rescue the cellular system against potential toxicity (**B**). However, during intense stress challenge, a toxic level of ROS can accumulate shifting the redox balance that cannot be reversed, leading to macromolecule damage (**B**). Red arrow indicates decrease in the levels and purple arrow indicates the flow of events.](ijms-18-02596-g001){#ijms-18-02596-f001}

![EAAC1---a neuronal transporter for cysteine (Cys) and glutamate (Glu).](ijms-18-02596-g002){#ijms-18-02596-f002}

![Effect of ethanol on Cys and GSH levels in PCNs and fetal brain cortices. A representative high pressure liquid chromatography (HPLC) profile of Cys in Control (C) and ethanol (E)-treated PCNs (**A**); The concentration of Cys quantified using standards in PCNs (*n* = 4) (**B**); Quantification of GSH concentration in control and E-treated primary cerebral cortical neurons (PCNs) using standards as measured by HPLC (*n* = 4) (**C**); HPLC-based determination of Cys concentration in fetal brain cortices of binge alcohol-exposed pregnant rats (*n* = 7) (**D**); Fetal brain cortex GSH content following binge alcohol gestational exposure using HPLC (*n* = 4) (**E**). Values represent the mean ± SEM. \* *p* \< 0.05 was considered significant for ethanol alone.](ijms-18-02596-g003){#ijms-18-02596-f003}

![Effect of ethanol on the cellular and surface expression of the EAAC1 protein. Immunoblot analysis for EAAC1 and ACTIN or glyceraldehydes-3-phosphate dehydrogenase (GAPDH) in Control and E-treated PCNs (*n* = 4) (**A**); in fetal brain cortices obtained from in utero iso-caloric dextrose or alcohol-exposed pregnant dams (*n* = 6) (**B**); Biotinylation of cell surface proteins from control and E-exposed PCNs was processed for biotinylation assay as in Materials and Methods. Biotinylated cell surface EAAC1 and the corresponding unbiotinylated intracellular Actin were analyzed by Western blot with indicated antibodies (**C**); For C, the percentage decrease is obtained from control cells with *n* = 2 pooled from 3 individual samples. \* *p* \< 0.05 was considered significant for ethanol alone.](ijms-18-02596-g004){#ijms-18-02596-f004}

![Effect of ethanol on the expression of EAAC1, γ-glutamyl transpeptidase (γ-GT), and Aminopeptidase N (APN). PCNs were treated with E (4 mg/mL) for the periods indicated and real-time qRT-PCR analysis for *Slc1a1/EAAC1* transcript expression was performed. The fold change expression of *Slc1a1* was determined by normalizing with the expression of a housekeeping gene, *Gapdh* (*n* = 3) (**A**); Pregnant rats (Sprague-Dawley) at embryonic day 17 were administered 5 doses of E (3.5 g/kg b.wt.) or isocaloric dextrose by gastric intubation at 12-h intervals. At embryonic day 19 brain cortex from embryos were dissected and processed for *Slc1a1* and *Gapdh* gene expression by qRT-PCR as in panel A, (*n* = 5) (**B**); Fetal brain cortices obtained as shown in Panel B was subjected to one step RT-PCR for *γ-Gt* (*n* = 6) (**C**); and *ApN* mRNA (*n* = 6) (**E**) expression. The top panels in C and E indicate a representative ethidium bromide staining image for *γ-Gt* and *ApN* mRNA expression respectively with *Gapdh* mRNA expression serving as the loading control. The bottom panels represent the percentage relative change of the respective targets normalized to *Gapdh* mRNA levels from control and E-treated fetal brain cortices. Protein extracts from fetal brain cortices were analyzed by Western blotting with antibodies for γ-GT (*n* = 3) (**D**); and APN (*n* = 3) (**F**). Top panels show a representative blot and the bottom panel shows the γ-GT and APN normalized to GAPDH protein intensity. Values represent the mean ± SEM. \* *p* \< 0.05 was considered significant for ethanol alone.](ijms-18-02596-g005){#ijms-18-02596-f005}

![Effect of siRNA-mediated *Slc1a1* knockdown on GSH and GSSG levels. PCNs were transfected with either nontargeting scramble siRNA or a SMARTpool mix of four si*Slc1a1* using siPORT amine. 48 h post-transfection, protein extracts were immunoblot-analyzed for EAAC1 (**A**) (*n* = 3); and fluorimetry-based determination of GSH and GSSG content (**B**). The bar graph represents the GSH/GSSG ratio with *n* = 2 pooled from 3 individual samples (**B**).](ijms-18-02596-g006){#ijms-18-02596-f006}

![Effect of in utero *N*-acetylcysteine (NAC) pretreatment on the levels of EAAC1 protein, Cys, and GSH content. Pregnant rats (Sprague-Dawley) at embryonic day 17 were administered NAC (100 mg/kg) 1 h prior to the 1st dose of E. In total, 5 doses of E (3.5 g/kg b.wt.) or isocaloric dextrose were administered by gastric intubation at 12-h intervals. At embryonic day 19 brain cortex from embryos were dissected and processed for HPLC-based determination of Cys concentration (*n* = 3) (**A**); GSH content (*n* = 3) (**B**); Expression of EAAC1 protein in fetal brain cortices by immunoblotting (top panel) and ImageJ quantification of EAAC1 normalized to GAPDH bands (bottom panel (*n* = 3) (**C**). Values represent the mean ± SEM. \* *p* \< 0.05 was considered significant for ethanol alone; ns---not significant versus NAC alone treatment.](ijms-18-02596-g007){#ijms-18-02596-f007}
